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HTL quasipartile models of deonned QCD
at nite hemial potential
A. Rebhan and P. Romatshke
Institut für Theoretishe Physik, Tehnishe Universität Wien, A-1040 Vienna, Austria
Using quasipartile models and imposing thermodynami onsisteny, lattie data for the
equation of state of deonned QCD an be mapped to nite hemial potential. We on-
sider a renement of existing simple massive quasipartile models using the non-loal hard-
thermal-loop (HTL) propagators, and ertain NLO orretions thereof, to obtain the ther-
modynami potential as a funtion of temperature and hemial potential. At small hemial
potential we nd that the results for the slope of onstant pressure from our main model for
2 massless quark avors is in good agreement with reent lattie data for 2+1 avors while it
deviates somewhat from lattie data for 2 avors from another group. For zero temperature,
we obtain an estimate for the ritial hemial potential whih is lose to that obtained from
simpler quasipartile models.
I. INTRODUCTION
Asymptoti freedom suggests that at suiently high temperature and/or quark hemial po-
tential QCD is deonned, i.e. an be desribed in terms of the fundamental quark and gluoni
degrees of freedom [1℄. High temperature and small hemial potential are of relevane to the quest
for the quark-gluon plasma in heavy-ion experiments; suiently high hemial potential (at om-
paratively low temperature) may be reahed in the ores of ompat stars. In the latter ase, novel
olor superonduting phases may our [2℄, whih should however have only omparatively small
eets on the equation of state.
The thermodynami pressure of QCD at high temperature T ≪ ΛQCD has been determined in
perturbation theory to order α
5/2
s in QCD [3, 4℄ and even to α3 log α in a reent heroi eort [5℄.
Strit perturbation theory, however, shows extremely poor onvergene for any temperature of pra-
tial interest so that further resummations appear to be neessary. In reent years, resummations
whih are based on the hard-thermal-loop (HTL) eetive ation [6℄ have been proposed, alterna-
tively in form of so-alled HTL perturbation theory [7, 8℄ or based upon the 2-loop Φ-derivable
approximation [9, 10, 11℄ (see also Peshier [12℄). The latter approah, whih assumes weakly inter-
ating quasipartiles as determined by the HTL propagators and NLO orretions thereof, leads to
results whih agree remarkably well with lattie data down to about 3Tc if standard 2-loop running
αs is adopted,
1
and it has been reently shown that these results are in fat onsistent with those
obtained in high-order perturbation theory if the latter is organized through eetive (dimension-
ally redued) eld theory aording to [14℄ and eetive-eld-theory parameters are kept without
further expanding in powers of the oupling [13℄, as already advoated in Ref. [5℄.
The behavior of the thermodynami potentials loser to the transition temperature needs to be
studied by fully non-perturbative means. For zero quark hemial potential µ = 0 lattie QCD
alulations are seemingly up to the task of determining thermodynami quantities for a quark-
gluon plasma very aurately by now [15, 16℄. Although reently there has been important progress
also for non-vanishing µ [17, 18, 19, 20, 21, 22℄, the ase of large µ≫ T (relevant for the equation
of state for old dense matter, whih is of importane in astrophysial situations [23, 24, 25, 26℄) is
1
This is in fat not the ase for 2-loop HTL perturbation theory [8℄, but it appears that the soure of the diulty has
to do with the neessity of thermal ounter-terms and inompletely ompensated hard ontributions, see Ref.
2urrently beyond the reah of lattie alulations.
As a remedy for this situation, Peshier et al. [23, 24℄ proposed a method whih an be used
to map the available lattie data for µ = 0 to nite µ and small temperatures by desribing the
interating plasma as a system of massive quasipartiles (QPs); setion 2 gives a short review of
this tehnique. While in their simple QP model the (thermal) masses of the quarks and gluons are
approximated by the asymptoti limit of the hard-thermal-loop (HTL) self-energies, we onsider
models based on the HTL-resummed entropy [9, 10, 11℄, whih inlude more of the physially
important plasmon eet than in the simple QP model, and (NLO) extensions thereof, whih inlude
the full plasmon eet. In perturbation theory it is essentially this eet that spoils onvergene,
so a priori it was not granted that a model inluding this eet fully would give physially sensible
results. As it turns out, however, the results based on our models (whih are presented in setion
3 and 4, respetively) turn out to be well-behaved and indeed lie not too far from the simple QP
model.
In setion 5 we give the 2-parameter ts of the various models to the lattie data [27℄ for 2 avors
and ompare the model results for the pressure at small temperatures and large hemial potential
in setion 6. Furthermore, we ompare our results for the isobar emerging at
2 Tc to reent lattie
results and give our onlusions in setion 7.
II. MAPPING LATTICE DATA TO FINITE CHEMICAL POTENTIAL USING QP
MODELS
Assuming an SU(N) plasma of gluons and Nf light quarks in thermodynami equilibrium an
be desribed as a weakly interating gas of massive quasipartiles with residual interation B, the
pressure of the system is given by [23℄
P (T, µ) =
∑
i=g,q
pi(T, µi,m
2
i )−B(mg,mq), (1)
where the sum runs over gluons (g), quarks and anti-quarks (q) with respetive hemial potential
0,±µ; pi are the model dependent QP pressures and mi are the QP masses. The latter are funtions
of an eetive strong oupling G2(T, µ), whih appears only within mi(G
2, T, µ) in a predened
form.
Using the stationarity of the thermodynami potential under variation of the self-energies and
Maxwell's relations [23℄, one obtains a partial dierential equation for G2,
aT
∂G2
∂T
+ aµ
∂G2
∂µ
= b, (2)
where aT , aµ and b are oeients that are given by integrals depending on T, µ and G
2
. Given
a valid boundary ondition, a solution for G2(T, µ) is found by solving the above ow equation by
the method of harateristis; one G2 is thus known in the T, µ plane, the QP pressure is xed
ompletely. The residual interation B is then given by the integral
B =
∫ ∑
i
∂pi
∂m2i
(
∂m2i
∂µ
dµ+
∂m2i
∂T
dT
)
+B0, (3)
where B0 is an integration onstant that has to be xed by lattie data (usually by requiring
P (Tc, µ = 0) = Plattice(Tc)). Motivated by the fat that at µ = 0 and T ≫ Tc the oupling should
2
Here and in the following Tc is always to be understood as Tc|µ=0.
3behave as predited by the perturbative QCD beta-funtion, Ref. [23℄ used the ansatz
G2(T, 0) =
48pi2
(11N − 2Nf ) ln T+TsTc λ
. (4)
The parameters λ and Ts are determined by tting the entropy of the model (whih is independent
of B) to available lattie data at µ = 0. Using (4) as boundary ondition for (2), the above
proedure allows one to map the lattie pressure from µ = 0 to the whole T, µ-plane.
III. SIMPLE AND HTL QP MODEL
A simple ansatz for the QP pressure is obtained by taking pi to be the pressure of a free gas of
massive partiles [23, 24℄, with the masses dened as the asymptoti (i.e. large momentum) gluoni
and fermioni self-energies, respetively [28℄:
mˆ2∞ = (2N +Nf )
G2T 2
12
+Nf
G2µ2
4pi2
, (5)
Mˆ2∞ =
G2(N2 − 1)
8N
(
T 2 +
µ2
pi2
)
. (6)
Comparing with perturbation theory one nds that while the Stefan-Boltzmann and leading-
order interation terms are orretly reprodued, only 1/(4
√
2) of the NLO term of the interation
pressure (the plasmon eet ∼ G3T 4) is present [10℄.
To inlude more of this physially relevant eet, one an make use of the HTL-resummed
entropy [9, 10, 11℄, whih takes into aount the momentum dependene of the QP exitations as
well as Landau-damping eets. The HTL model ansatz for the QP pressure for gluons (pg) and
quarks pq then reads
pg = −dg
∫
d3k
(2pi)3
∫ ∞
0
dω
2pi
n(ω)
[
2Im ln
(
−ω2 + k2 + ΠˆT
)
− 2ImΠˆTReDˆT
+Im ln
(
k2 + ΠˆL
)
+ ImΠˆLReDˆL
]
(7)
pq = −dq
∫
d3k
(2pi)3
∫
∞
0
dω
2pi
(f+(ω) + f−(ω))
[
Im ln
(
k− ω + Σˆ+
)
−ImΣˆ+Re∆ˆ+ + Im ln
(
k + ω + Σˆ−
)
+ ImΣˆ−Re∆ˆ−
]
, (8)
where dg = 2(N
2−1), dq = 2NNf for gluons and quarks/anti-quarks, respetively; n(ω) and f±(ω)
are the bosoni and fermioni distribution funtions. DˆT,L, ∆ˆ± are the HTL propagators with ΠˆT,L
and Σˆ± the orresponding self-energies,
ΠˆL(ω, k) = mˆ
2
D
[
1− ω
2k
ln
ω + k
ω − k
]
(9)
ΠˆT (ω, k) =
1
2
[
mˆ2D +
ω2 − k2
k2
ΠˆL
]
(10)
Σˆ± =
Mˆ2
k
[
1− ω ∓ k
2k
ln
ω + k
ω − k
]
; (11)
whih we have written in terms of the HTL Debye mass squared mˆ2D = 2mˆ
2
∞ and the HTL zero-
momentum quark mass squared Mˆ2 = Mˆ2∞/2.
4The HTL QP model inludes 1/4 of the full plasmon eet at µ = 0, whih is a fator of
√
2
more than in the simple QP model whih only uses the asymptoti HTL masses. The remainder of
the plasmon eet is in fat entirely due to NLO orretions to these asymptoti masses at order
G3T 2 [9, 10, 11℄.
IV. NLO MODELS
The omplete (momentum-dependent) NLO orretions to the asymptoti masses of quarks and
gluons have not been alulated yet, but as far as the plasmon eet is onerned, these orretions
ontribute in the averaged form [9, 10℄
δ¯m2∞ =
∫
dk k n′(k)Re δΠT (ω = k)∫
dk k n′(k)
= − 1
2pi
G2NTmˆD (12)
and similarly
δ¯M2∞ =
∫
dk k (f ′+(k) + f
′
−(k))Re 2kδΣ+(ω = k)∫
dk k (f ′+(k) + f
′
−(k))
= −(N
2 − 1)/(2N)
2pi
G2TmˆD . (13)
For the values of the oupling G onsidered here, these orretions are so large that they give
tahyoni masses when treated stritly perturbatively. In Ref. [10℄ it has been proposed to inor-
porate these orretions through a quadrati gap equation whih works well as an approximation
in the exatly solvable salar O(N → ∞)-model, where strit perturbation theory would lead to
idential diulties. However, for the fermioni asymptoti masses, in order to have the orret
saling of Casimir fators in the exatly solvable large-Nf limit of QCD [29℄, a orresponding gap
equation has to remain linear in the fermioni mass squared. Choosing the orretion therein to be
determined by the solution to the gluoni gap leads to [11, 30℄
m¯2∞ = mˆ
2
∞ −
G2NT√
2pi
m¯∞ (14)
M¯2∞ = Mˆ
2
∞ −
G2(N2 − 1)T
2
√
2piN
m¯∞, (15)
where mˆ2∞ and Mˆ
2
∞ are the leading-order gluoni and fermioni asymptoti masses as given in (5)
and (6). This in fat avoids tahyoni masses for the fermions as long as Nf ≤ 3. 3
Finally, sine the averaged quantities m¯2∞ and M¯
2
∞ are the eetive masses at hard momenta
only, a uto sale Λ =
√
2piTmˆDcΛ is introdued that separates soft from hard momenta. The QP
pressure for this model, whih in the following will be referred to as NLA-model, then separates into
a soft and a hard omponent for both gluons and fermions. The soft parts are given by expressions
like (7) and (8), but with Λ as upper limit for the momentum integration. For the hard parts,
the momentum integrations run from Λ to ∞ and the mass pre-fators in the HTL self-energies
(9,10,11) are replaed by their asymptoti ounterparts, mˆ2D → 2m¯2∞ and Mˆ2 → 12M¯2∞.
The single free parameter cΛ in Λ an be varied around 1 to obtain an idea of the theoretial
error of the model. In the following we will onsider the range cΛ =
1
4 to cΛ = 4; note that cΛ =∞
orresponds to the HTL-model (whih has been used as ross-hek) sine all hard orretions are
3
For Nf = 3 the solutions to the above approximate gap equations happen to oinide with those obtained in the
original version of two independent quadrati gap equations of Ref. [10℄. For the ase Nf = 2 onsidered in this
paper, the dierenes are fairly small. For Nf > 3, however, the neessity to avoid tahyoni masses would restrit
the range of permissible oupling strength G.
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FIG. 1: Entropy data generated from Ref. [27℄ vs.
tted model entropy. The band was generated from
NLA model for cΛ between 4 and 1; the HTL and
simple QP models lie at the lower boundary.
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FIG. 2: Eetive oupling: NLA model results for
cΛ = 4,1 and 1/4 (full lines from bottom to top), 2-
loop perturbative oupling in MS (gray band) and
result from Ref.[34℄ (dotted line).
ignored. On the other hand, cΛ = 0 would assume that (14) and (15) represent good approximations
for the NLO orretions to the spetral properties of soft exitations. However, the few existing
results, in partiular on NLO orretions to the Debye mass [31℄ and the plasma frequeny [32℄,
appear to be rather dierent so that it seems safer to leave the soft setor unhanged by keeping a
nite cΛ.
V. ENTROPY AND PRESSURE FOR µ = 0
To obtain the input parameters Ts and λ we tted the entropy expressions from the models
under onsideration to lattie data [27℄ for Nf = 2, with an estimated ontinuum extrapolation as
used in Ref. [24℄. We nd
HTL cΛ = 4 cΛ = 1 cΛ = 1/4
Ts/Tc -0.89 -0.89 -0.84 -0.61
λ 19.4 18.64 11.43 3.43
where it an be seen that the NLA model with cΛ = 4 is very lose to the HTL model. The ts to
the entropy data (shown in Fig. 1) all lie in a narrow band for all the models onsidered. The tted
eetive oupling G2 for the various models is shown in gure 2; for omparison, also the 2-loop
perturbative running oupling in MS is shown, where the renormalization sale is varied between
piT and 4piT and following Ref. [33℄ we have hosen Tc = 0.49Λ
MS
. As an be seen from the plot,
the results for the eetive oupling are well within the range of the 2-loop perturbative running
oupling (for the ase cΛ = 1/4 and renormalization sale piT the results even seem to be idential,
whih is, however, probably only a oinidene). We also show the result for the oupling obtained
in the semilassial approah of Ref. [34℄
4
.
In general one an see that the eetive oupling beomes bigger when cΛ gets smaller; this is
beause the hard masses (for equal values of the oupling) are smaller than the soft masses whih
4
For nite µ and onstant temperatures, however, the oupling obtained in [34℄ rises while our results indiate a
derease of the oupling (whih is onsistent with the standard QCD running oupling with renormalization sale
proportional to
√
T 2 + (µ/pi)2).
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FIG. 3: Residual interation B: NLA model results
between cΛ = 4, cΛ = 1 (full line) and cΛ = 1/4
(lower boundary).
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FIG. 4: Pressure data from Ref.[27℄ vs. model pres-
sure. The band shows the NLA model results for cΛ
between 4 and 1/4.
makes the entropy inrease when the hard parts beome more important. Aordingly, the oupling
has to rise in order for the entropy to math the data (therefore, for the extreme ase cΛ = 0 one
nds huge values of the eetive oupling onstant).
One the eetive oupling is known for µ = 0 one an proeed to evaluate the QP pressure∑
pi and the residual interation B from Eq. (3), shown in Fig. 3; in this gure, the HTL results
(not shown) would lie marginally above the upper boundary of the band (f. [35℄ for a ompar-
ison between simple QP and HTL model). A omparison between the full pressure (1) and the
lattie data is shown in gure 4, where the integration onstant B0 was set so that P (Tc) = 0.536(1):
HTL cΛ = 4 cΛ = 1 cΛ = 1/4
B0/T
4
c 0.82 0.73 0.6 0.47
VI. FINITE CHEMICAL POTENTIAL
A alulation and subsequent evaluation of the oeients aµ, aT and b in (2) shows that b, in
ontrast to aµ and aT , is strongly model-dependent. Solving the ow equation (2) and integrating
B along the harateristis using Eq. (3) one obtains pressure and eetive oupling in the whole
T, µ plane. Here we fous on the pressure but the alulation of the other thermodynami quantities
is straightforward one the eetive oupling and the pressure have been obtained.
Conerning the shape of the harateristis, it has already been notied in [35℄ that the rossing
of harateristis in the simple QP model [23℄ does not our in the HTL-model; this feature is
preserved in the NLA models.
A. Lines of onstant pressure
It is straightforward to extrat from our data the line where P (T, µ) = P (Tc, 0); for Nf = 2,
the results for the simple and HTL QP model as well as for the NLA models for cΛ > 1 are rather
lose to eah other. For NLA models with cΛ < 1, however, the slope of the onstant pressure line
(until µ/Tc = 1) deviates rapidly from the values found for cΛ > 1:
70.2 0.4 0.6 0.8 1
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FIG. 5: Lines of onstant pressure: NLA models
for Nf = 2 from cΛ = 4, cΛ = 1 and cΛ = 1/4
(dotted lines from lowest to highest); lattie data
for Nf = 2 + 1 [20℄ (light gray band) and Nf = 2
[18℄ (long dashed-lines).
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FIG. 6: Dierene δP saled with T 4 for µ/Tc = 1.
Shown are HTL model (triangles) and NLA models
(boxes). See text for details.
HTL cΛ = 4 cΛ = 1 cΛ = 1/4
Tc
dT
dµ2
-0.06818(8) -0.06810(6) -0.06329(34) -0.041(9)
We have also ompared these results with reent lattie data for 2+1 avors [20℄ in gure 5. The
variations of the lattie data in this gure result from tting the data with a 2nd order (upper limit)
and 4th order polynomial (lower limit) as used in [36℄. The omparison shows that our 2-avor
results obtained from simple, HTL and NLA QP models with cΛ > 1 (indiated in gure 5 by the
two lower lying pointed lines) are in very good agreement with the lattie data whereas for NLA
models with cΛ < 1 the slope is muh atter. Also shown are the lattie results for the onstant
pressure line from [18℄ for 2 avors, with a slope of Tc
dT
dµ2
= −0.107(22), whih is signiantly
steeper.
B. Suseptibilities
It been notied in [20℄ that the quantity
∆P
∆PSB
=
P (T, µ)− P (T, 0)
PSB(T, µ)− PSB(T, 0)
(16)
is essentially µ-independent; we reover a similar saling behavior for our models. As expeted, for
small hemial potential this urve is very lose to the quark-number suseptibilities χ(T )/χ0(T )
obtained at µ = 0. In fat, we found that also for larger µ the pressure an be well approximated
by
P (T, µ)− P (T, 0) = χ(T )
2
(µ2 +
µ4
2pi2T 2
). (17)
To quantify this assertion we onsider the subtrated quantity δP = P (T, µ)−P (T, 0)− χ(T )2 (µ2+
µ4
2pi2T 2
), whih should be zero, if the pressure at nite hemial potential was fully determined by
the suseptibilities at µ = 0 aording to (17); the results (saled with T 4) are shown in gure 6 for
µ/Tc ≃ 1. As an be seen, dropping the µ4 term in Eq. (17) (open symbols) deteriorates the result
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FIG. 7: Suseptibilities from NLA models (light
gray band), from Nf = 2 lattie data [37℄ (trian-
gles) and saling urve for 2+1 avors from [20℄
(boxes).
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FIG. 8: The pressure at vanishing T : Shown are per-
turbative results (light gray band) and NLA models
for cΛ from 1/4 to 4 (dark band).
onsiderably. Trying to determine the higher-order suseptibility, χ¯ = ∂
4P
∂µ4
whih we parameterized
as
χ¯ =
χ(T )
2T 2
4!
x(T )2
,
we nd that  within our numerial errors  the result for x(T ) is onsistent with
√
2pi = 4.44 . . .
for T > 1.5Tc (whih was our original assumption in Eq. (17)); therefore, our results are lose to
but about 10 perent lower than the values found in Ref. [22℄.
Clearly, δP gets smaller with inreasing temperature, but also at relatively low temperatures
and high hemial potential, δP is remarkably small (e.g., for the HTL model for T = 1.5Tc and
µ/Tc ≃ 4 we nd a δP/T 4 smaller than 10 perent).
In Fig. 7 we ompare the results for the suseptibilities of our NLA models with the lattie data
for 2 avors from Ref. [37℄ and the saling urve in [20℄, whih provides an approximation to the
2+1 avor quark-number suseptibility at µ = 0. We nd that all these results agree very well,
with the agreement getting better at higher temperatures.
It should be noted however that none of the lattie data we are using has yet been rigorously
extrapolated to the ontinuum limit, so that both the data and the extrapolation by means of QP
models are still likely to hange somewhat when this will be done eventually.
C. Very small temperatures
Extending the lines of onstant pressure from our models to very small temperatures we obtain
a rude estimate of the phase transition line in this region of phase spae. Denoting with µc the
hemial potential where (for vanishing temperature) the pressure equals the lattie pressure at
µ = 0, P (0, µc) = P (Tc, 0), we nd for our models (assuming Tc = 172 MeV)
HTL cΛ = 4 cΛ = 1 cΛ = 1/4
µc 533 MeV 536 MeV 558 MeV 584 MeV
µ0 509 MeV 511 MeV 537 MeV 567 MeV
Here we have also given the values µ0 where the pressure vanishes, whih may be taken as a denite
lower bound for the ritial hemial potential within the respetive models.
9In general, these results are in agreement with the estimates for µc from [24, 36℄; for the QP
models onsidered, the lowest and highest results for µc are obtained for the HTL model and the
NLA model with cΛ = 1/4, respetively, while the µc of the simple QP model lies between the NLA
cΛ = 4 and cΛ = 1 model values. However, even our lowest result for µc turns out to exeed the
value for the ritial hemial potential expeted in Ref. [25, 38℄.
A omparison of the perturbative pressure [39℄ at vanishing temperature with the results for our
models at T/Tc ≃ 0.01 is shown in gure 8. We plotted the perturbative results onverted to MS
with the standard 2-loop running oupling, Λ
MS
= Tc/0.49 [33℄ and renormalization sale varied
from µ to 3µ; a omparison of this oupling and our results is shown in gure 9.
D. Equation of state for old dense matter
By alulating the number density at T/Tc ≃ 0.01 and using our results for the pressure we
obtain an equation of state for old deonned matter. As is the ase for the simple QP model [24℄,
we nd that the energy density E is well tted by the linear relation
E(p) = 4B˜ + αp
with
HTL cΛ = 4 cΛ = 1 cΛ = 1/4
4B˜/T 4c 11.1(8) 12.3(8) 14.7(9) 19.2(1.6)
α 3.23(5) 3.22(4) 3.22(4) 3.17(4)
A value of α ≃ 3.2 for Nf = 2 has also been found in the simple quasipartile model in [24℄ and
thus seems to be model independent, in ontrast to the bag onstant B˜1/4, whih varies between
314 and 360 MeV. By using the Tolman-Oppenheimer-Volkov equations and the equation of state
one an determine the mass-radius relations of non-rotating quark-stars [26℄; hoosing α = 3.2 and
taking the bag onstant values from above, we nd stable star ongurations with radii ranging
from 3.6 to 4.9 km and masses from 0.7-0.8 solar masses for NLA, cΛ = 1/4 and HTL models,
respetively. However, it should be kept in mind that the outermost layers of suh a quark star
are metastable with respet to hadroni matter and therefore the details of the star struture will
depend sensitively on the hadroni equation of state [24℄.
VII. CONCLUSIONS AND OUTLOOK
We onsidered an improvement of simple quasipartile models [23℄ by using the full HTL ap-
proximation and ertain NLO orretions thereof along the lines of Ref. [9, 10, 11℄ and investigated
the respetive preditions at nite hemial potential when these models are mathed to Nf = 2
lattie data at µ = 0.
We found that the slope of onstant pressure for those models with cΛ > 1 agrees very well
with reent lattie data for 2+1 avors [20, 36℄, while the lattie data for Nf = 2 [18℄ indiate
signiantly steeper slopes.
We also found that for our models the pressure for non-vanishing µ sales with the quark number
suseptibilities at µ = 0, provided that the µ4 terms (orresponding to a higher order suseptibility)
are not dropped but added with the same weight as in the ideal gas limit. We therefore interpreted
the saling urve from 2+1 avor lattie data [20℄ as suseptibilities at µ = 0 and found that a
omparison with Nf = 2 suseptibilities from another lattie group [37℄ as well as those obtained
from our models all agree very well.
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FIG. 9: Eetive Coupling from NLA models with
cΛ = 4 to 1/4 (dark band) and perturbative 2-loop
running oupling (light gray band).
We nally extended our results to the small temperature, high density regime and obtained an
estimate for the ritial density at T = 0 whih is onsistent with earlier results, though in exess
of the expetations of Ref. [25, 38℄. Furthermore, we obtained an equation of state for old, dense
matter, whih allows for pure quarks stars with masses of ∼ 0.8M⊙ and radii of less than 5 km,
similar to the results obtained by [24, 25, 40℄.
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